To study the involvement of apoptosis using different apoptosis markers in PVR pathogenesis.
A poptosis is a morphologically defined type of cell death that is commonly observed during development-for example, in the immune and central nervous systems. It has emerged as playing a central role in the regulation of cell proliferation and loss in normal and pathologic tissue formation. Apoptosis involves a sequence of morphologic events resulting in cell death, including shrinkage, condensation of nuclear chromatin and cytoplasm, and fragmentation of the cell into apoptotic bodies. Apoptosis allows for the safe disposal of cellular remnants without causing damage to the adjacent tissue. Apoptotic cell death may play an important role in the development of some pathologic conditions. 1 These include ophthalmic diseases, such as retinal degeneration, [2] [3] [4] glaucoma, 5, 6 uveitis, 7 and corneal diseases. 8 Apoptosis may be induced by a variety of signals. Fas (CD95) and its ligand FasL (CD95 ligand) are cell surface proteins of the tumor necrosis factor (TNF)-␣ receptor and TNF␣ superfamilies, respectively. Fas, on binding FasL, initiates intracellular signaling, leading to apoptosis. Significant expression of Fas is limited to a few tissues, including the thymus, heart, liver, and ovary. 9 Another apoptosis marker, TNF-related apoptosis inducing ligand (TRAIL), has also been identified as a member of the TNF superfamily of death-inducing ligands. 10 Like FasL, TRAIL induces rapid apoptosis in a variety of lymphoid and myeloid malignancies. 10 -12 Transforming growth factor (TGF)-␤, a pleiotropic cytokine thought to be involved in the induction of fibrosis, has been detected in the vitreous of pathologic samples 13, 14 and induces apoptosis in various types of cells, including epithelial cells. 15, 16 Because massive cellular proliferation at the vitreoretinal interface is a key feature of proliferative vitreoretinal disorders, 17, 18 investigators have sought to identify apoptosis in epiretinal membranes from patients with traumatic and idiopathic PVR, PDR, and macular pucker. Previous work has shown that apoptotic cell death occurs in vitreoretinal traction membranes of patients with PVR. 19 In addition, the cytokine receptor protein Fas has been shown to be expressed in proliferative vitreoretinal traction membranes 20 from such patients. However, it was not possible to display functional FasL on in vitro cultured cells, 21 which has made the study of constitutive FasL expression difficult. Current literature is therefore not conclusive as to the role of apoptosis and apoptosis markers in PVR. The few available studies do not address the role of TRAIL and its receptor(s) pathways in apoptosis disease mechanisms occurring in PVR, or how constitutive FasL expression is regulated in vivo during inflammation and immune reactions. 19, 20, 22 In this study we have detected and quantified mRNA expression for Fas, FasL, and TRAIL in vitreous samples from patients with PVR, RD, and MH by using a semiquantitative RT-PCR technique. TGF-␤ levels were assayed in the vitreous samples from patients with PVR and compared with the mRNA levels of the other apoptosis markers studied. Epiretinal membranes excised from five patients with PVR were also examined for apoptotic cell death using the terminal deoxytransferase (TdT) mediated dUTP-biotin nick-end labeling (TUNEL) technique. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
MATERIALS AND METHODS

Patients
Forty-six consecutive patients (25 with PVR, 11 with RD not complicated by PVR, and 10 with MH) in whom vitrectomy was considered necessary, were investigated in the Ophthalmology Department Queens Medical Center (Nottingham, UK). Of the 46 patients, 31 were men, and 15 were women. The mean age was 49 years (range, 30 -87 years). Indications for vitrectomy in eyes with RD were failure of retinal reattachment by conventional methods (buckling and cryo), giant breaks, very posterior breaks, and multiple breaks not suitable for buckle. Patients with a history of recent trauma (3 months); concurrent eye conditions such as infection, vitreous hemorrhage, or uveitis; and current treatment with topical or systemic steroids were excluded.
The severity of PVR was graded according to the criteria of the Retina Society Terminology committee. 23 Patients admitted into the study gave informed consent, and the study complied with the Declaration of Helsinki.
Vitreous Specimens
Samples were obtained through the conventional three-port, closed vitrectomy technique. They were collected undiluted by manual suction into a syringe through the aspiration line of the vitrectome before the infusion line was opened. Intraocular pressure was maintained by indentation. When a sample of approximately 0.75 to 1 mL was obtained, the ocutome was withdrawn and infusion commenced to restore ocular volume. Samples were then transferred to 1.8 mL polypropylene tubes and processed immediately after surgery. Cells All PCR target and deletion sites are given as inclusive nucleotide positions in the cited Genbank sequence. The a primer in each case was synthesized with a 5Ј fluorophore attached (Fluorophores were obtained from Applied Biosystems Ltd.)
were pelleted by centrifugation at 2500 rpm for 10 to 15 minutes. Supernatants were divided into aliquots and stored at Ϫ70°C until used for enzyme-linked immunosorbent assays (ELISAs). Cellular pellets were processed rapidly to prevent RNA degradation. Total RNA was extracted with a kit (RNeasy; Qiagen, Crawley, UK), according to the manufacturer's procedure. RNA was stored at Ϫ70°C until cDNA synthesis and PCR were performed. cDNA was prepared from all the RNA extracted from each sample using Oligo-(dT) priming in readyto-go cDNA synthesis tubes (Pharmacia Biotech, St. Albans,UK), according to the manufacturer's procedure.
Quantitative PCR Reactions
Vitreous samples were investigated for their levels of Fas, FasL, and TRAIL mRNA. Because of limited sample size, only 21 PVR, 9 RD, and 10 MH vitreous samples were investigated for TRAIL. Primers were designed using the program Primer 3 (http://www.genome.wi.mit. edu/cgi-bin/primer/primer3.cgi/; provided in the public domain by the Whitehead Institute, Massachusetts Institute of Technology, Cambridge, MA). All primers were cross-checked against the GenBank database to ensure no cross reactivity with other known human sequences (http://www.ncbi.nlm.nih.gov/Genbank; provided in the public domain by the National Center for Biotechnology Information, Bethesda, MD). Primer pairs, one of which was fluorescent-dye-labeled, were synthesized by MWG Biotech (Ebersberg, Germany). All primer pairs were validated by sequencing of PCR products generated under the conditions stated. Primer sequences are detailed in Table 1 .
To correct for variation in amplification efficiency between individual reactions, target cDNA was coamplified with an internal competitor (mimic) of known concentration, using the same fluorescencelabeled primers. These mimics were prepared by PCR mutagenesis to delete 5 bases of sequence, 5 bp 3Ј of the primer binding site, resulting in a PCR product 5 bases shorter than that of the original template cDNA. The mimic PCR products were cloned into pT7 blue (Novagen, Nottingham, UK) and verified by sequencing.
PCR amplification was performed by adding 1 L of each cDNA sample to a final reaction mixture of 25 L containing 60 mM Tris-Cl (pH 8.0), 15 mM (NH 4 ) 2 SO 4 , 2 mM MgCl 2 , 0.2 mM each dNTP, 0.01% Tween 20, 0.5 U Taq polymerase (AmpliTaq Gold; Perkin Elmer, Warrington, UK), and 0.2 M each primer; 10 3 single strands per reaction of appropriate mimic was added. Amplification cycles (performed on a Progene instrument; Techne, Cambridge, UK) were 94°C for 10 minutes, then 37 cycles of 94°C for 1 minute, 54°C for 1 minute, 72°C for 1 minute 30 seconds followed by 72°C for 15 minutes. Hypoxanthine phosphoribosyl transferase (HPRT), a constitutively expressed housekeeping gene was used to normalize the amount of mRNA present in each sample. Fluorescent-labeled PCR products were separated and analyzed by capillary electrophoresis under denaturing conditions (POP4 polymer) on a gene analyzer (Prism model 310; Applied Biosystems [ABI], Foster City, CA). Run conditions were a 5-second injection at 15 kV, run 24 minutes at 15 kV, at 60°C, on a 36-cm capillary (length to detection). Size and area of DNA peaks were obtained using standard software (Genescan version 2.0 and Genotyper v1.1.1; ABI). The amount of each cytokine mRNA in the samples was calibrated by the known concentration of mimic, using the following formula: Unknown concentration ϭ (area of unknown/area of mimic) ϫ mimic concentration.
TGF-␤2 Protein Analysis
The same samples (21 PVR, 9 RD, and 10 MH) were examined for their levels of TGF-␤2, using sandwich enzyme-linked immunoassay kits (R&D Systems, Oxon, UK). Before the procedure was started, the latent TGF-␤2 was activated to the immunoreactive form, according to the manufacturer's procedures. A trial run was made on several vitreous samples before assay to determine the appropriate sample dilution. A dilution of 1:3 was used to ensure that the factor level in the samples was within the detectable range of the kits.
TUNEL Technique
After excision, membranes were directly fixed in 10% formal saline and processed into paraffin wax. Four-micrometer-thick sections were cut onto silane-coated slides and subjected to the TUNEL technique. 24 Briefly, sections were dewaxed and blocked in 6% hydrogen peroxide before digestion in 10 g/mL proteinase K (Sigma-Aldrich, Poole, UK) at 37°C for 15 minutes. Sections were incubated in TdT buffer containing 0.01 nM biotin-11-dUTP (Sigma-Aldrich), 0.5 U/L TdT for 60 minutes at 37°C. After sections were blocked in 2% bovine serum albumin (Sigma-Aldrich), they were incubated with a streptavidinbiotin complex conjugated with horseradish peroxidase (Dako Ltd., High Wycombe, UK) followed by visualization using diaminobenzidine tetrahydrochloride (Sigma-Aldrich). Sections were counterstained with hematoxylin.
Sections of tonsil and normal colonic mucosa were used as positive control tissue. Replicate negative control test sections had the TdT incubation omitted.
Statistical Analysis
Nonparametric tests were used for statistical analysis of the data, which was not normally distributed. Samples were divided into three groups: PVR, RD, and MH. Vitreous cytokine levels between groups were analyzed with the Kruskal-Wallis test, and the levels between two groups were compared with a Mann-Whitney test. The Spearman correlation test was used to test any association between mRNA and cytokine protein levels. Statistical calculations were performed with commercial software (Prism ver. 2.01; ABI).
RESULTS
Cytokine mRNA
Typical electropherogram plots showing the size and area of peaks for mimic and unknown are shown in Figure 1 . mRNA levels for Fas, FasL, and TRAIL in vitreous samples from patients with PVR, RD, and MH normalized to HPRT are shown in Figure 2 . The median levels of Fas and TRAIL mRNA were significantly higher (P Ͻ 0.05) in patients with PVR than in those with MH. When patients with PVR were compared with those with RD, there was no statistically significant difference between the two groups in mRNA levels of Fas and TRAIL (P Ͼ 0.05). However, a significant difference was present between RD and MH for TRAIL mRNA (P Ͻ 0.05).
There were very few samples with detectable mRNA levels of FasL, and no significant difference between groups was found using the Kruskal-Wallis test. The mRNA data results for different cytokines are summarized in Table 2 .
TGF-␤2 Protein Levels
Levels of TGF-␤2 protein in vitreous samples from patients with PVR, RD, and MH normalized to HPRT are shown in Figure 3A . TGF-␤2 was detected in all vitreous samples tested. A statistically significant difference was found between PVR and MH groups (P Ͻ 0.05) and between the RD and MH groups (P Ͻ 0.05) but not between RD and MH groups (P Ͼ 0.05). Levels of TGF-␤2 significantly correlated to TRAIL mRNA levels (r ϭ 0.86) but no correlation was found between TGF-␤2 and Fas mRNA levels (r ϭ 0.21; Figs. 3B, 3C) . No correlation was observed between the severity and duration of the disease and Fas and TRAIL mRNA levels or TGF-␤2 protein levels (data not shown).
Apoptosis in Epiretinal Membranes
With the TUNEL technique, four of five examined epiretinal membranes showed positive staining for apoptotic cells. The morphology of the apoptotic and proliferating stained cells could not be determined for all cell types. RPE cells and macrophages were the predominant cells stained for TUNEL (Fig. 4) . Four of the corresponding vitreous samples were positive for TRAIL mRNA, three were positive for Fas mRNA and two were positive for FasL mRNA, indicating possible involvement of these apoptotic signals in the apoptosis taking place. The results obtained for TUNEL-treated positive cells and negative control sections were as predicted.
DISCUSSION
Abnormal regulation of apoptosis has been implicated in cancer and proliferative, autoimmune, and degenerative conditions. Therefore, an understanding of the cellular mediators involved in apoptosis would facilitate the development of new therapies for pathologic conditions resulting from inappropriate regulation of cell death.
The finding of apoptotic cells in PVR is yet another example of the heterogeneity of this disease, with proliferative processes and healing processes occurring simultaneously.
Previous work has shown that a subpopulation of cells in traction membranes of patients with PVR undergo apoptotic cell death, as defined by in situ DNA end labeling and acridine orange nuclear staining. 19 The present study, using the TUNEL technique, confirms these previous findings. Although the cellular origin of the apoptotic positively stained cells was not identified in all membranes, macrophages and a few RPE cells were the predominant stained cells in two of the cases.
The present study of Fas/FasL and TRAIL was performed to explore the possible endogenous pathways for spontaneous apoptosis in human PVR. RT-PCR with internal competitors is a sensitive technique especially appropriate when a limited amount of tissue is available, such was the case with PVR.
Fas mRNA was detected in the majority of the PVR and RD samples (72% and 55%, respectively), indicating expression of this cytokine in retinal detachment cases whether or not complicated by PVR. However, Fas mRNA levels were significantly different only in PVR samples compared with MH, indicating higher expression of these mediators in RD cases complicated by PVR. Previously, Fas has been shown to be expressed in proliferative vitreoretinal traction membranes from such patients. 20 FasL was not detected to the same extent as Fas (20% in PVR and 9% in RD). It is not known what regulates constitutive expression of FasL in the eye. Cells of the immune system display FasL only after activation. In contrast, cells expressing FasL in the eye (e.g., RPE and corneal endothelium) are nonproliferating. When these cells proliferate in vitro, they downregulate functional FasL expression and, in some cases, express Fas. 21 FasL mRNA has been detected in eyes of mice, rats, and humans, showing that it is widely distributed. Immunostaining shows that FasL is abundantly expressed in strategic locations throughout the eye, including the cornea, retina, iris, and ciliary body, at or near areas that comprise the blood-ocular barrier, as well as in locations where there is an opportunity for interaction between ocular tissue and inflammatory cells. In the retina, FasL is expressed on the RPE cells and is prominently expressed on the photoreceptors and throughout the neurosensory retina. 21 The induction of apoptosis by Fas-FasL interactions is a potent mechanism of immune surveillance. Defective FasL expression may contribute to the spread of dangerous inflammatory reactions such as PVR. Through the expression of FasL, activated immune cells could be terminated that might otherwise reduce vision by triggering inflammatory damage. Thus, immune privilege is not simply a passive process involving physical barriers; rather, our data provide evidence suggesting that it is an active process that uses an important proapoptotic mechanism to induce cell death in potentially dangerous infiltrating lymphoid and myeloid cells.
Human RPE cells, which form the major component of epiretinal membranes, are a potential target of Fas-mediated apoptosis in PVR, since these cells express Fas in vitro, as assessed by immunohistochemistry and flow cytometry. However, in normal conditions, RPE cells were found to be resistant to apoptosis induced by Fas antibodies, but in some conditions (for example exposure to TNF␣) a concentration-dependent sensitization to Fas-mediated apoptosis occurs. An important finding in our study was the detection of high concentrations of TRAIL mRNA in RD vitreous samples, whether or not complicated by PVR. TRAIL mRNA levels were significantly increased in PVR and RD vitreous samples compared with MH samples. Although a wide distribution of TRAIL in normal tissues and cells has been reported, 10, 26 there have been no previous studies about its presence in the eye. Ours is the first report of TRAIL mRNA in RD and PVR vitreous samples. The presence of TRAIL does not in itself guarantee the occurrence of apoptosis. Whereas many human lymphoid and nonlymphoid tumor cell lines were sensitive to cell-surface or soluble TRAIL, normal cells, such as freshly isolated mouse thymocytes or primary T or B cells, were not. 11 Compared with the Fas/FasL and TNF/TNF-R systems, the TRAIL/TRAIL-R system is much more complex, involving multiple receptors able to transduce different signals; decoy receptors that bind the ligand but do not transduce a signal; a complex of intracellular signaling adaptors; and activation of inhibitory molecules. 27, 28 Two of the TRAIL receptors, TRAIL-R1 and -R2, induce apoptosis, whereas TRAIL-R3 and -R4 appear to confer resistance to TRAIL-mediated cell death. A fifth receptor for TRAIL, OPG, has altogether different functions, having been shown to play a role in the regulation of bone density. 29 Further clarification of the role of each component in the TRAIL/TRAIL-R system is necessary to understand fully its significance in PVR.
TGF-␤ is a multifunctional cytokine that regulates cell growth, adhesion, and differentiation in a wide variety of cell types. 30 TGF-␤ isoforms 1, 2, and 3 are expressed in the human retina, 31 with TGF-␤2 being the major isoform found in PVR. 13 TGF-␤ has been implicated in the pathogenesis of PVR.
14,22
The results of our study confirms these observations, with a significant difference seen between PVR and MH groups (P Ͻ 0.05), and between RD and MH groups (P Ͻ 0.05) but not between RD and MH groups (P Ͼ 0.05).
Although the precise role of TGF-␤ in PVR pathogenesis is not currently understood, TGF-␤ is a negative regulator of RPE cell proliferation and activation. 32 Its synthesis by cultured RPE cells 33 indicates a possible suicidal negative feedback mechanism limiting RPE cell proliferation by TGF-␤-mediated apoptosis. 22 In contrast, TGF-␤ may contribute to cellular proliferation by blocking apoptosis, seen in T cells, 34 through the selective inhibition of activation-induced FasL expression. 35 In contrast to its effect on FasL expression, TGF-␤1 does not significantly affect activation-induced Fas expression in T cell hybridomas. 35 Our data support previous findings showing that increased levels of TGF-␤2 are associated with very low or no FasL expression in pathologic vitreous samples. No significant correlation was found between the levels of TGF-␤2 and Fas mRNA (r ϭ 0.2).
Although the source of TGF-␤ in PVR is not known, cells that are involved in PVR (macrophages, fibroblasts, microglial cells, glial cells, and RPE cells) have been shown to both secrete TGF-␤ and express TGF-␤ receptors. 18, 36, 37 In summary, our study is supportive of an important role of apoptosis in the pathogenesis of PVR. In showing upregulated apoptosis markers including Fas/FasL, TRAIL, and TGF-␤2, we propose that a number of apoptosis pathways operate simultaneously in PVR.
